MicroRNAs (miRNA) are small non-coding RNAs that target mRNAs and are consequently involved in the post-transcriptional regulation of gene expression. Some miRNAs are ubiquitously expressed in tissue, while others are tissue-specific or tissueenriched. miRNAs can be released by cells and are found in various biofluids, including serum and plasma. Thus, measuring miRNAs in the circulation may provide information on the originating tissue or cells. MyomiRs are described as striated muscle-specific or muscle-enriched miRNAs. Their circulating levels can be measured and have been proposed to be new biomarkers of physiological and pathological muscle processes. The aims of this review are to summarize the current knowledge of circulating myomiRs, to identify the types of information they can provide about skeletal muscle, and to determine how to apply that information in the fields of research and medicine.
MicroRNA biogenesis and myomiRs
MicroRNAs (miRNAs) belong to the large family of non-coding RNAs. They are transcribed as primary miRNAs (pri-mRNA) that are very similar to mRNAs with a 5 0 cap and a 3 0 poly(A)
tail. Pri-miRNAs are processed by a protein complex that includes the endoribonuclease DROSHA, giving rise to a 60-70 bp hairpin precursor miRNA (pre-miRNA). Once exported from the nucleus, the pre-mRNA is cleaved by the endoribonuclease DICER1, releasing two short (18-22 nucleotides) mature miRNAs. The so-called guide strand is loaded in the ribonucleoprotein complex miRNA-induced silencing complex and binds to the 3 0 untranslated region of target mRNAs, inducing degradation or blocking translation, whereas the other strand ('passenger' strand) is thought to be degraded. 1 Therefore, miRNAs are important players in the post-transcriptional control of gene expression. In terms of nomenclature, a prefix refers to the specie: 'hsa' for Homo sapiens, 'mmu' for Mus musculus, etc. (Table 1 ). Both precursor and mature miRNAs are given numbers; premiRNAs are referred to as 'mir-number', mature miRNA as 'miR-number'. Some miRNAs that only differ from one or two bases are given the same number, but a letter is added (for example, miR-208a and miR-208b). The two miRNAs released by pre-miRNA cleavage are given the suffix '-5p' or '-3p' according to their 3 0 or 5 0 location on the pre-miRNA. In many publications, both the prefix and the suffix are removed. Upon stimulation or injury, miRNAs can be released from the cell in an active (secretion) or passive (membrane leaking) manner. 2 miRNAs have been found in most biofluids, including serum and plasma, and there is an increasing interest in studying circulating miRNAs (c-miRNA) as biomarkers of physiological or pathological processes. 3, 4 Furthermore, recent evidence shows that extracellular miRNAs can have direct biologic effects on other cells. 5, 6 Extracellular vesicles, such as exosomes, microvesicles, high-density lipoprotein, and apoptotic bodies, are secreted by most cells and contain various molecules, including miRNAs. The vesicles are released into the extracellular space or circulation and can be taken up by neighbouring cells. Their contents are released into the cytosol of recipient cells, where miRNAs can exert their effects. Thus, miRNAs may be involved in cellto-cell communication in an autocrine, paracrine, or endocrine fashion.
Many miRNAs are ubiquitously expressed in most tissues and cell types, but some are tissue-specific (mature miRNA expression is 20-fold higher than the mean expression in other tissues) or tissue-enriched (mature miRNA expression is higher than in other tissues but less than 20-fold). 7 Subsets of miRNAs can be described as striated muscle-specific (miR-1, miR-133a, miR-133b, miR-206, miR-208a, miR-208b, and miR-499) or muscle-enriched (miR-486). They are involved in myoblast proliferation/differentiation, muscle regeneration, or fibre-type specification (for review, refer to Diniz and Wang 8 ). The tissue specificity of myomiRs is due either to the genomic location of their coding DNA within introns of myosin heavy chain genes or to transcriptional control by muscle-specific transcription factors such as MyoD, Mef2, or Srf. [9] [10] [11] [12] [13] Therefore, several myomiRs are expressed in skeletal muscle as well as in cardiac muscle. However, miR-206 and miR-133b are specific to skeletal muscle, and miR-208a is cardiac muscle-specific. As with any miRNA, myomiRs can be released into the circulation and be measured in plasma or serum. In humans, baseline levels of circulating myomiRs are low, 14, 15 but alterations in their levels have been reported in physiologic as well as in pathologic conditions. This review summarizes the current knowledge on circulating, cell-free myomiRs and focuses on the physiological and medical significance of altered levels with regards to skeletal muscle.
Circulating myomiRs during exercise and recovery
Because miRNAs are involved in the regulation of gene expression, they can participate in the adaptation of muscles to exercise and training. In a mouse model of functional overload, an increase in the primary transcripts pri-mir-1-2, pri-mir-133a-2, and pri-mir-206 with a concomitant decrease in mature miR-1 and miR-133a was found within the muscle. 16 This was the first demonstration of an alteration in miRNA expression in response to altered muscle load. Similar alterations are reported in humans, where resistance exercise reduced the levels of miR-1, miR-133a, or miR-133b expression in skeletal muscle, 17, 18 although no changes were found in another study. 19 Conversely, an acute bout of endurance exercise (3 h of cycling) induced a modest but significant increase in muscle miR-1, miR-133a, or miR-133b but not miR-206 levels. 20, 21 Therefore, it is now established that exercise modulates myomiR expression within muscle tissue, although the physiological significance of these alterations is hsa-miR-499b-5p Heart/skeletal muscle Circulating myomiRs still poorly understood. Whether modifications in muscle myomiRs could result in variations in their circulating levels is unknown. The first evidence that c-miRNAs could be altered during exercise came from a study where the effect of both acute exhaustive exercise (short incremental cycling) and 9 weeks of endurance training (rowing) were examined. 22 Several profiles of expression were described for inflammation or angiogenesis-related miRNAs, but only one myomiR (miR-133a) was measured, and no changes were found. Similarly, only miR-486 slightly decreased in young men after an acute cycling exercise (60 min, 70% VO 2 max), 14 and no changes in miR-133 (now known as 133a) occurred in the serum of young athletes during and after a 4 h cycling test at 70% VO 2 max, 23 showing that endurance exercise has limited effects on circulating myomiRs. However, several studies consistently reported increases in plasma levels of miR-1, miR-133a, miR-133b, miR-206, miR-208b, or miR-499 immediately after running a marathon or during the recovery period, [23] [24] [25] [26] suggesting that the changes in circulating myomiRs may be dependent on the type of exercise. In a study that compared the effect of exercise modality on circulating miRNAs, we measured plasma myomiRs after eccentric (downhill treadmill walking) or concentric (uphill treadmill walking) exercise. We found an increase in plasma myomiRs in the eccentric group only, which was associated with a significant decrease in maximal voluntary force, a hallmark of muscle damage. 15 Therefore, we proposed that circulating myomiRs could be biomarkers of exercise-induced muscle damage (EIMD). After a marathon race, the levels of circulating myomiRs and serum creatine kinase (CK) activity are consistently increased, suggesting muscle damage, 23, 26 whereas no increase in c-miRNA and CK activity occurs after prolonged cycling with almost no eccentric component. 23 It should be noted, although, that higher levels of cardiac damage or stress markers (CK-MB, troponin, and pro-BNP) were found after a marathon race, 24, 26 raising the possibility that part of the myomiRs found in serum originated from cardiac muscle rather than skeletal muscle. Accordingly, an increase in the cardiac-specific miR-208a was reported. 24 However, miR-133b and miR-206 are specifically expressed in skeletal muscle, and because muscle mass recruited for running is much higher than heart mass, the contribution of skeletal muscle to c-miRNAs is possibly the most important.
The release of myomiRs by damaged myofibres seems to be a key mechanism, although active secretion could also occur. Based on correlations between plasma myomiRs after a marathon and (i) an athlete's VO 2 max, (ii) individual speed at the lactate threshold, and (iii) cardiac dimensions, Mooren et al. proposed that c-miRNAs could be markers of exercise adaptation. 26 The hypothesis that myomiRs could be secreted to trigger paracrine or endocrine signalling has emerged, and a recent study supports this view. 27 After separating extracellular vesicles from human plasma, Guescini et al. isolated a fraction of exosomes by immunoaffinity capture using an antibody raised against the muscle-specific alpha-sarcoglycan. 27 This muscle-specific fraction of exosomes contained miRNAs, including miR-206. This strongly suggests that skeletal muscle secretes miRNAcontaining vesicles. Even though their biological role is not known, it raises the possibility that muscle fibres communicate with other cells/organs using miRNA-containing vesicles. Whether exercise triggers the release of extracellular vesicles from muscle tissues is unclear in this study, because running exercise induced no changes in circulating myomiRs. 27 In summary, there is evidence that exercise can modulate circulating myomiR levels, with two main physiological hypotheses. The first one suggests that myomiRs are actively released as mediators of muscle or cardiovascular adaptations, even though both the mechanisms of release and the biological functions are unknown. The second postulates that myomiRs are released in response to muscle damage in a passive manner (Figure 1 ). This hypothesis has been explored in the field of muscle pathology.
Circulating myomiRs and muscle damage

Neuromuscular diseases
Because Laterza et al. first proposed that tissue-specific c-miRNAs could be biomarkers of tissue injury, 28 various applications have been proposed, and miRNAs have been shown to be reliable markers of liver or heart damage (for review, refer to Arrese et al. and Wronska et al. 29, 30 ). Concerning skeletal muscle, the first studies have focused on circulating myomiRs in animal models and human patients suffering from neuromuscular diseases. Duchenne muscular dystrophy (DMD), caused by mutations in the dystrophin gene, is one of the most severe neuromuscular diseases and is characterized by successive rounds of muscle degeneration and regeneration. Cacchiarelli et al. report that patients with DMD have elevated levels (up to 100-fold) of serum miR-1, miR-133, and miR-206. 31 Interestingly, in patients with a milder form of dystrophin-related disease, namely Becker muscular dystrophy, myomiR levels were in between those of patients with DMD and healthy controls. In addition, this study investigated and showed that, in a DMD animal model (mdx mice), treating the disease using an exon skipping strategy (intended to restore a truncated but functional dystrophin) allowed a histo-morphological improvement of mouse muscle and a reduction of c-miRNAs close to wild-type levels. Therefore, miR-1, miR-133, and miR-206 (also called dystromiRs) could be biomarkers of muscle dystrophy and treatment outcomes. Similarly, high dystromiR serum levels were found in other studies using mdx mice or dog models of DMD (CXMDJ, GRMD). [32] [33] [34] When comparing different neuromuscular disease models, Vignier et al. found a common dystrophic profile (miR-1, miR-133a, miR-133b, and miR-378) in mdx mice and two mouse models of sarcoglycanopathy. 35 Finally, miR-208a, miR-208b, and miR-499 were also increased in the serum of GRMD dogs and patients with DMD, demonstrating that all muscle-specific miRNAs are involved. 36, 37 Therefore, it is now accepted that severe muscle dystrophies induce massive increases in plasma myomiRs, but limited or no alterations are described in moderate dystrophies such as Ullrich congenital muscle dystrophy, myotonic dystrophy type 1, or limb-girdle muscle dystrophy. [38] [39] [40] Whether c-miRNAs are predictive of the severity of the dystrophy is unclear. Serum levels of miR-1, miR-133, and miR-206 were inversely correlated with the clinical score in 10 young (3 to 6 year olds) ambulatory patients with DMD 31 but not in a larger cohort of 26 patients (4 to 13 year olds). 40 Both the age and the size of the groups may explain the discrepancy between the studies, but an additional explanation may be the fact that muscle mass decreases with the evolution of fibrosis and lipid deposition within dystrophic muscle, thereby reducing the number of muscle cells and myomiRs that are released. Consistent with this hypothesis, ambulant patients with DMD had higher circulating myomiRs than non-ambulant patients, and because values decreased with age, c-miRNAs may help monitor the remaining muscle mass in patients with DMD. 40 The hypothesis that myomiRs were passively released in response to myofibre degeneration 31 has been debated because of inconsistencies between the myomiR profiles of muscle tissue and serum. The levels of miR-1 and miR-133 are lower, and the miR-206 levels are higher in dystrophic muscle tissue than healthy muscle tissue, and the levels of all three are higher in serum than in muscle. 33 Similarly, ubiquitous miRNAs, such as the let-7 family members, are abundant in muscle tissue but are not elevated in the serum of patients with DMD or in the corresponding animal models. 34, 36 Therefore, a passive leak alone cannot explain the c-miRNA profiles reported, and an active secretion probably occurs, 33, 36, 40 perhaps in response to local inflammatory signals. 37 In mdx mice sera, dystromiRs were found primarily in the non-vesicular fraction or bound to proteins. 34 The authors of the study suggest that miRNAs may be released by degenerating fibre and secreted by regenerating fibre, sending signals to neighbouring cells. Although this is counterintuitive, because secretion often occurs via extracellular vesicles, the authors propose that such vesicles are gradually degraded in the plasma. Furthermore, another study found myomiRs in both the exosomal and non-exosomal fractions from patients with DMD. 38 These data demonstrate that Figure 1 Possible mechanisms of myomiR release by skeletal muscle fibres. Skeletal muscle fibres can release myomiRs in their extracellular environment. The mechanisms of release are suspected to occur both in a passive and an active manner, depending on the stimulation. Myofibre necrosis induced by acute muscle damage is associated with a passive release of myomiRs in the blood through the plasma membrane. In the context of exercise or neuromuscular diseases, a passive release alone cannot explain the c-miRNA profiles found in the blood; thus, it is probable that an active release of myomiRs occurs through secretion of extracellular vesicles (exosomes or microvesicles).
more studies are needed to determine the contribution of either passive leaking or secretion to increased c-miRNAs. Duchenne muscular dystrophy is characterized by concomitant skeletal muscle and cardiac dystrophy, leading to lifethreatening cardiomyopathy and heart failure. As most myomiRs (except miR-133b and miR-206) are expressed in cardiac muscle, cardiac tissue may significantly contribute to high circulating levels of myomiRs. This is supported by the fact that high serum myomiR levels have been found in both acute (acute myocardial infarction) and chronic (heart failure) cardiovascular diseases (for review, refer to Shi and Yang and Vegter et al. 41, 42 ). In a dog model of DMD (GRMD), JeansonLeh et al. found high levels of circulating miR-208a (cardiac specific), although there was no correlation with cardiac function (left ventricular fractional shortening). 36 Altogether, it is impossible to evaluate the contributions of skeletal and cardiac muscles to c-miRNAs in patients with DMD, although because of its mass, the contribution of skeletal muscle may be critical.
Acute muscle damage
The literature on exercise suggests that c-miRNAs could be markers of EIMD in healthy subjects. However, a metabolic or a mechanical effect of eccentric muscle contraction itself is still possible. To investigate the effect of an acute muscle injury in the absence of contraction on c-miRNA levels, we studied plasma miRNA profiles in rats after an intramuscular injection of notexin, a myotoxin known to provoke massive myofibre necrosis. We found a substantial increase in circulating myomiRs that could efficiently discriminate between damaged and non-damaged animals. 43 Concomitant myofibre necrosis and a reduction in myomiRs within damaged muscle tissue suggest that a passive release by injured myofibres may account for high circulating levels. The increase in plasma levels started as early as 6 h after muscle injury, peaked at 12 h, and decreased back to control levels between 24 and 48 h. This kinetic differs from what is commonly found with classical markers and could therefore provide different information about acute muscle injury in humans. For example, myomiRs could help monitor the regression of an acute damaging process when CK activity remains elevated for a much longer period.
Another aspect of miRNA expression is that the abundance of myomiRs in muscle fibres can differ based on muscle phenotype. Higher levels of miR-206, miR-208b, and miR-499 are reported in slow/oxidative muscles, whereas fast/glycolytic muscles express higher amounts of miR-1. 44, 45 We found that miR-206 was significantly higher in plasma after soleus muscle (slow-type) damage than after extensor digitorum longus (fast-type) muscle damage. This demonstrates that, as opposed to using CK activity, circulating myomiRs could be informative of the phenotype of the damaged myofibres. 43 In sum, the literature shows that circulating myomiRs are relevant biomarkers of muscle damage for neuromuscular diseases and exercise as well as other diseases. It is unknown whether myomiRs could be markers of chronic toxic damage, and this deserves more attention because many drugs have myotoxic side effects that have to be monitored. In particular, statins are widely prescribed cholesterol-lowering drugs that are sometimes associated with muscle complications ranging from mild muscle pain to rare but life-threatening rhabdomyolysis. 46 Serum CK activity is routinely used to detect statin intolerance but has some limitations, mainly due to high inter-individual variability related to gender, ethnicity, or training status. 47, 48 Therefore, alternative biomarkers would be of great interest. Circulating myomiRs are promising candidates, as suggested by both animal 28 and human studies. 49 In rats, plasma miR-133a increased after 3 days of high-dose statin administration. 28 In humans, statins are reported to aggravate EIMD, 50 and in marathon runners, plasma miR-499, together with CK, was higher in statin users than in a control group during the recovery period. 49 Further studies are needed to evaluate whether circulating myomiRs could be relevant markers of statin intolerance in large cohorts of non-exercising subjects.
Circulating myomiRs in cancer
As observed for proteins, there is a dysregulation of miRNAs in numerous cancers. Rhabdomyosarcomas are malignant tumours growing from skeletal muscle that overexpress myomiRs. They are released by the tumour, and patients with rhabdomyosarcoma have higher serum levels of miR-1, miR133a, miR-133b, and miR-206 compared with healthy subjects or patients with non-rhabdomyosarcoma tumours. 51 However, alterations in circulating myomiRs are also reported in several non-muscle cancers. Gastric cancer induced a 2-fold increase in miR-1, 52 but in most malignant diseases studied, such as non-small cell lung cancer, melanoma, astrocytoma, or osteosarcoma, circulating myomiRs were lower in patients than in the control population. [53] [54] [55] [56] [57] Both miR-206 and miR-133 (a and b) have tumour suppressor properties, and they are down-regulated within several tumours; a link between low expression and tumour development has been proposed (for review, refer to Nohata et al. 58 ). However, it is unclear how low expression in tumours could result in decreased circulating levels in patients with cancer compared with healthy subjects. Thus, a more convincing hypothesis links cancer progression, muscle mass, and myomiRs. In many cancers, low circulating myomiRs are reported to predict unfavourable prognosis and survival. [53] [54] [55] 57 Limited information on muscle damage biomarkers or muscle mass is given in those studies. Nevertheless, based on the fact that miR-1 correlates with serum creatinine, Köberle et al. proposed that low miR-1 levels may be associated with cachexia in advanced cancer disease. 59 Thus, if skeletal muscle continuously releases muscle-specific miRNAs, a substantial reduction in muscle mass could result in lower circulating myomiRs. Therefore, as previously shown in DMD, circulating myomiRs could be helpful in monitoring myofibre masses in cancer, where muscle quality correlates with overall survival. 60 Loss of skeletal muscle is a common event in many other chronic diseases such as heart failure, pulmonary diseases, or rheumatologic diseases. Chronic muscle wasting can cause cachexia, increasing both morbidity and mortality in patients (review Drescher et al.
61
). Therefore, there is a constant effort to find new biomarkers of muscle wasting. The application of miRNAs as biomarkers of cachexia is interesting but needs further investigation specifically focused on the relationship between muscle mass/loss and circulating miRNAs in patients.
Considerations for clinical application
There are some problems to overcome before c-miRNAs can be used routinely. First, many myomiRs are expressed in both cardiac and skeletal muscle, raising the possibility of confusion in situations where both cardiac and muscle injury occur. Measuring a judicious combination of myomiRs, such as miR208b or miR-133a (good diagnostic accuracy), miR-208a-3p (cardiac-specific, unaffected by muscle damage), and miR-206-3p or miR-133b-3p (skeletal muscle-specific, unaffected by cardiac injury), could help overcome this problem. Second, technical considerations should be mentioned. Reverse transcriptase (RT) quantitative polymerase chain reaction (qPCR) is the gold standard technique. It is both reliable and reproducible but also time-consuming and poorly adapted to clinical application, especially when a rapid result is required. Automated RNA isolation and RT solutions, as well as ultrafast PCR, could improve RT-qPCR applicability. [62] [63] [64] Moreover, novel probe-based technologies are emerging and may allow quantitative measures that are much faster and easier to use in a clinical context. [65] [66] [67] Third, we need to determine normal values in a wide population of healthy individuals in order to identify inter-individual variability with regards to gender, age, ethnicity, or training status.
Conclusions
Monitoring the status of skeletal muscle has been a long-time preoccupation, and there is constant, ongoing research to find new blood markers of muscle injury or muscle loss. Most studies have focused on proteins or peptides. 61, 68 Circulating miRNAs have recently emerged in many clinical fields and are a new and promising class of biomarkers. Nucleic acids are structurally different from proteins or peptides; they have lower molecular weights and volumes, resulting in different properties in terms of release, diffusion, or stability in plasma. Therefore, circulating myomiRs can provide new and complementary information on skeletal muscle health status. The literature shows that they are robust biomarkers of both acute and chronic muscle damage and perhaps of adaptation to exercise. Many applications could emerge in both research and medicine. Exercise physiology and sports science could benefit from new biomarkers capable of evaluating muscle status in response to training. Whether cmiRNAs could help monitor athletes' health and fitness throughout a season is still unclear but is a potential application. In the medical field, circulating myomiRs are reliable markers of muscle dystrophy and treatment outcome, although the significance of high circulating myomiRs in neuromuscular diseases is unclear. MyomiRs could be passively released through the compromised sarcolemma but also actively secreted, thereby playing a causal role in muscular dystrophy. Yet, for neuromuscular disorders as well as for exercise, it should be noted that strong experimental arguments supporting a signalling role of circulating myomiRs are currently lacking, and more studies are needed to elucidate that point. Acute muscle damage in sports medicine or intensive care medicine could also be monitored with cmiRNAs as an interesting and complementary alternative to classical biomarkers. Finally, new data suggest that myomiRs could also reflect muscle mass or muscle loss. A deeper understanding of the mechanisms and regulation of miRNA release from healthy muscle tissue and muscle tissue in the early and late phases of cachexia is now necessary to fully understand the benefits and limitations of c-miRNAs as biomarkers of muscle status. Muscle loss is a process and muscle mass a symptom; because both can often predict morbidity or mortality, circulating myomiRs are promising new diagnostic/prognostic tools in medicine.
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